a Path integral molecular dynamics and experimental NMR data are used to investigate resonance-assisted hydrogen bonds (RAHBs).
Resonance-assisted stabilisation of hydrogen bonds probed by NMR spectroscopy and path integral molecular dynamics † M. Dračínský Hydrogen bonds play a key role in determining the shapes, properties and functions of biomolecules. Intermolecular hydrogen bonding is crucial for encoding genetic information (DNA base pairs) and interactions of biomolecules; intramolecular hydrogen bonding is pivotal to the formation of three-dimensional structures of biomacromolecules. The ability to form intramolecular hydrogen bonds (IMHBs) also has a great impact on the molecular structure and physico-chemical properties of small organic molecules, making the closed form (with an IMHB) more lipophilic than the open form. 1 Furthermore, the cyclic system formed due to the presence of an IMHB can mimic the structural motifs of other biologically relevant molecules. Thus, replacing the real ring with a pseudoring with IMHB in drug-like molecules has become an important medicinal chemistry strategy.
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High stability of IMHBs has often been observed in planar systems where a six-membered ring is formed and the linker atoms are sp 2 -hybridized (as in amides, enols of b-diketones and b-enaminones, heteroaromatic rings, etc.).
1 The high stability of these intramolecular hydrogen bonds has been termed resonanceassisted hydrogen bonding (RAHB), and was rationalized by enhanced p-delocalization involving the hydrogen atom ( Fig. 1) . 3 Usually, RAHBs are classified as p-conjugated ring or chain motifs, for which characteristic changes in geometrical or electronic properties are observed, that is, elongation of formally double bonds and shortening of formally single bonds, together with the elongation of the X-H and shortening of the HÁ Á ÁY bond (X and Y stand for the H-bond donor and acceptor, respectively), 4 i.e. RAHBs are formally a linear combination of two tautomeric forms. RAHB has recently been reviewed. 5 The concept of RAHB has, however, been criticized. 6 For example, it was found in a series of enols of b-diketones and b-enaminones that the RAHB effect was not the primary reason behind the strength of their intramolecular hydrogen bonds, which was simply a consequence of the structure of the s-skeleton of the system that keeps the hydrogen-bond donor and acceptor coplanar and closer to each other. 6a However, regardless of the criticism, the concept of RAHB is still widely used in discussions of IMHB stability. Conjugated nitrosoamines can form planar systems with enhanced p-delocalization and, thus, belong to a class of compounds able to form strong IMHBs. 7 During recent studies of 5-nitrosopyrimidines bearing distinct amino substituents in C4 and C6 positions, two possible rotamers, stabilized by strong IMHBs, were identified as two sets of signals in 1 H NMR spectra.
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These 5-nitrosopyrimidines were proposed to work as purine mimics. The ratio of the two rotamers was found to be significantly substituent-dependent, 8a with a broad range of conformation ratios, and the isomerisation barrier was found to be unexpectedly Fig. 1 The interrelation between the resonance-assisted hydrogen bond and p-electron delocalisation.
large (422 kcal mol À1 ). It was even possible to separate the rotamers by column chromatography in some cases. This phenomenon has been termed planamerism. 9 As RAHB involves the positioning of hydrogen atoms, the structure and properties of molecules with RAHB provided by static quantum-chemical calculations (geometry-optimised structures) may not be appropriate. Nuclear quantum effects (NQEs), such as zero-point vibrations and tunnelling, may be crucial in the case of hydrogen atoms. One route to including quantum effects in quantum-chemical simulations is provided by the formalisms based on Feynman's path integral 10 (PI) approach. This path integral approach coupled with Car-Parrinello molecular dynamics has been employed in two purely theoretical studies of intramolecular hydrogen bonds in the solid state. 11 Both studies indicated that the nuclear quantum effects led to a significant delocalisation of the bridging proton positions. One easily detectable manifestation of the quantum nature of nuclei is deuterium isotope effects in NMR spectra; zero-point fluctuations lead to differences in vibrationally averaged properties of compounds with the lighter and heavier hydrogen isotope. The small size of isotope effects, however, makes them challenging tests of ab initio calculations.
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Here we use a combination of path integral molecular dynamics (PIMD) with DFT to determine the nuclear quantum effects on the resonance-assisted stabilisation of intramolecular hydrogen bonds in two rotamers of 5-nitrosopyrimidine derivative 1 (Fig. 2) , which differ in the orientation of the nitroso group. Both forms are stabilised by intramolecular hydrogen bonds and are present in solution in ca. 7 : 3 ratio. 8a We can expect that if resonancestabilisation of hydrogen bonds exists, it will be more pronounced in the structure of rotamer 1A, where the pseudoring formed by IMHB forms part of a larger heteroaromatic conjugated system. Furthermore, a partial negative charge formed at the aniline nitrogen after a partial proton shift towards the NO group can be stabilised by delocalisation over two (hetero)aromatic rings. The calculations are compared with experimental NMR data measured for the equilibrium mixture of 15 N-labelled compound 1. We demonstrate that nuclear delocalisation of hydrogen atoms has a significant impact on bond distances and 15 N chemical shifts, with the effects being significantly more important in rotamer 1A. Furthermore, we observe unprecedentedly large through-hydrogen bond deuterium isotope effects on 15 N chemical shifts of the nitroso group. The isotope effects could be rationalised in terms of changes in the molecular structure, and the PIMD approach enabled very good predictions of deuterium substitution effects on chemical shifts.
Proton-coupled and proton-decoupled nitrogen NMR spectra of compound 1 are shown in Fig. S1 in the ESI. † The equilibrium mixture of compound 1 contains ca. 7 : 3 ratio of rotamers 1A and 1B, which enables an easy assignment of NMR signals to the individual rotamers by comparing the signal intensities. A further advantage of working with the equilibrium mixture is that both rotamers of compound 1 are in one solution, avoiding errors caused by sample preparation or referencing of chemical shifts.
In further discussion, we concentrate on nitrogen chemical shifts of the nitroso group in both rotamers because the chemical shifts of the other atoms involved in the IMHB will be significantly affected by solvation, which is difficult to involve in quantum-chemical calculations of NMR parameters. 13 The effect of solvation for most of the atoms in compound 1 is probably quite large, because the molecule has several acidic hydrogens and the experiments were done in DMSO, which is a good hydrogen bond acceptor. Unfortunately, the compound is poorly soluble in non-polar solvents; we were only able to acquire 1 H NMR spectrum in CDCl 3 on an 850 MHz spectrometer, which confirmed large solvent-induced shifts (Fig. S2 in the ESI †). On the other hand, the NO group cannot form hydrogen bonds with DMSO and we may expect that its solvation shell structure will be similar in both rotamer forms. When the structure of compound 1 is optimised at the widely used B3LYP DFT level and shielding constants are calculated for the optimised structure, the calculated chemical shift difference of the nitroso nitrogen between rotamer 1A and 1B is far from the experimental value (Table 1) . Similar discrepancy with experiment is also observed for other functionals (Table S1 in the ESI †).
Recently, we introduced an approach for including nuclear quantum effects in NMR calculations based on convoluting calculated shielding or coupling surfaces with probability distributions of selected bond distances and valence angles obtained from PIMD simulations. 14 Fig. 3 shows the probability distributions of the N-H bond distances observed during PIMD simulations. Probability distributions of other selected bond distances are shown in Fig. S3 in the ESI. † As expected, the hydrogen atoms are heavily delocalised in the PIMD simulations, leading to broad distance distributions. The PIMD distributions are also shifted towards longer bond lengths than those found in geometryoptimised structures, particularly in the case of rotamer 1A. Note that a simple one-dimensional energy scan (i.e. not including nuclear delocalisation) inverted to a Boltzmann distribution gives a much narrower probability distribution (Fig. S4, ESI †) . We used the N-H bond distance distributions together with C-N-H angle distributions found in PIMD simulations of both rotamers for the calculations of PIMD-induced corrections of chemical shifts of the nitroso group. We calculated the dependence of the isotropic shieldings of compound 1 on the N-H bond distance and the C-N-H valence angle (Fig. S5 , ESI †) and used the bond distance and valence angle probabilities to determine weighted averages of the 15 N isotropic shieldings. The inclusion of the PIMD corrections leads to a very good agreement between experimental and calculated chemical shift differences in the two rotamers (Table 1) . When the same procedure was used for probability distributions obtained from classical-nucleus MD (conventional MD), the calculated chemical shift difference was still more than 5 ppm off the experimental value (Table S2 in the ESI †).
When comparing rotamer 1A and 1B, the following differences were found in the probability distributions of bond distances. The N-H distance in the amino group involved in the IMHB is longer and the distribution is broader in rotamer 1A, the NQO distance is slightly longer in rotamer 1A, the C5-NO distance is slightly shorter in rotamer 1A, and the hydrogen bond distance OÁ Á ÁH is significantly shorter in rotamer 1A. The average bond distances found in PIMD trajectories are shown in Table S3 in the ESI. † All these changes may be explained by a larger resonance stabilisation of the IMHB in rotamer 1A. The N-H bond distance differences upon rotamer exchange are shown in Fig. 3 , which visualises clearly that the IMHB formation shifts the N-H bond distances towards larger values, with the effect being significantly larger in the case of the 6N-H bond involved in IMHB in rotamer 1A.
Experimental deuterium isotope effects on 15 N chemical shifts were obtained for compound 1 recrystallised from a 1 : 1 mixture of H 2 O/D 2 O (Fig. 4) . In rotamer 1A, an extraordinarily large (3.3 ppm) through-hydrogen-bond isotope effect is observable; normally, the isotope effect decreases rapidly with the number of bonds between the exchanged hydrogen and the observed nucleus, with one-bond 15 N chemical shift changes (exchange of NH for ND) being 1.2-1.4 ppm. 15 On the other hand, hydrogen to deuterium exchange in the free amino group (not involved in the IMHB) in position C4 of rotamer 1A leads to a minor line broadening of the nitroso nitrogen resonance, i.e. the isotope effect through four covalent bonds is negligible (Fig. 4, see Fig. S6 , ESI, † for expansion). In rotamer 1B, the through-hydrogen-bond effect is significantly smaller (1.1 ppm) The assignment of the signals is based on a comparison between the spectra with a different H : D ratio and spectra of similar model compounds (details in the ESI †). Expansion of the spectra with the signal assignments is depicted in the ESI † (Fig. S6) .
and through-covalent-bond effects in the order of 0.2 ppm are also observable. The unusually large isotope effects confirm large anharmonicity of the N-H bond potential in the IMHBs of both rotamers. However, the three times larger isotope shift in form 1A indicates larger geometry differences in this form upon isotope substitution, which can be explained by larger delocalisation of the lighter 1 H atom than deuterium in rotamer 1A. We expect that the effects of solvation on chemical shifts will be very similar for both the deuterated and non-deuterated compound; therefore, deuterium isotope shifts may be safely evaluated for other atoms in the molecule. The isotope-exchange effect on the 6-NH nitrogen in rotamer 1A is almost twice as large as in rotamer 1B (À1.26 ppm vs. À0.69 ppm, see Fig. S7 in the ESI † for experimental spectra), which confirms again large anharmonicity of the N-H potential when the hydrogen atom is involved in the IMHB. On the other hand, the isotope-exchange effect on 4-NH nitrogen is comparable in both forms 1A and 1B (À0.6 ppm vs. À0.7 ppm, exchange of one of the NH 2 hydrogens only).
The PIMD simulations performed on both rotamers of deuterated compound 1 confirm the experimental data. From the geometrical changes upon deuteration (Table S3 , ESI †) it follows that hydrogen to deuterium exchange leads to lower resonance stabilisation of the IMHB. Upon deuteration, the same trends in changes of intramolecular distances and angles are observed as when going from rotamer 1A to 1B, although the magnitude of the changes is lower, leading to ca. six times larger effect of the rotamer exchange than isotope exchange on the nitroso nitrogen shielding. Using just N-H distances and C-N-H valence angles to estimate deuterium isotope effects based on changes in probability distributions during the PIMD simulations, the predicted values are 4.9 and 1.6 ppm in the form 1A and 1B, respectively, which compares well with the experimental values (3.3 and 1.1 ppm).
In summary, we have proven by experimental 15 N NMR data and PIMD simulations that resonance stabilisation of IMHBs is tightly related to nuclear quantum effects, namely delocalisation of hydrogen atoms involved in these IMHBs. Nuclear delocalisation is larger in conformer 1A, where all bond distances in the pseudoring formed by the IMHB also confirm larger resonance stabilisation than in conformer 1B. In deuterated compound 1, the delocalisation of the deuterium nucleus is smaller leading to lower resonance stabilisation of the IMHB (manifested by shortening of formally double bonds and elongation of formally single bonds) and large isotope shifts in the 15 N NMR spectrum. Nuclear delocalisation has to be taken into account when describing the bonding in systems with strong hydrogen bonds, and is more important in structures where larger RAHB effects are anticipated. Conventional calculations (both geometry optimisation and classical-nucleus MD without NQEs) do not clearly show the changes in bond lengths that would be expected for RAHB and fail to reproduce chemical shifts in these systems. The better agreement of NMR data when nuclear delocalisation is included shows that RAHB effects are observable via NMR and supports the concept of resonance stabilisation of hydrogen bonds. The approach combining PIMD simulations with experimental NMR data is generally applicable for studies of both intraand intermolecular hydrogen bonds.
The work has been supported by the Czech Science Foundation (grant no. 15-11223S).
Notes and references

